The accuracy of a continuous glucose monitor (CGM) now supports its use by persons with diabetes and clinicians caring for them. This article reviews measures of CGM accuracy, factors contributing to accuracy, comparative accuracy assessment, clinical implications of CGM sensor accuracy, and recent clinical trials that have demonstrated the utility of CGMs.
S
ince the 1970s, the ability of patients to monitor their glucose levels has increased dramatically, initially through capillary blood glucose monitors and now through continuous glucose monitors (CGMs). 1 In 1987, the ADA suggested the ambitious accuracy goal of 100% of values within 10% of a laboratory reference for glucose levels between 30 and 400 mg/dL. 2 Despite less than optimal accuracy, diabetes control has been transformed by patient self-monitoring of blood glucose (SMBG) and the decisions it enables. The DCCT 3 was as much a validation of the role of more frequent SMBG as it was of more frequent insulin injections. Microvascular complications were reduced by lower HbA1c levels, accompanied by a rise in hypoglycemia and burden of monitoring. Today, SMBG is accepted to be as integral to diabetes management as is looking through the windshield and at dashboard instrumentation when driving a car.
Today's CGMs allow frequent glucose monitoring through minimally invasive sensors that dwell in the subcutaneous space between 3 and 14 days. The accuracy of early sensors, similar to early SMBG, was less than that of current devices. However, in the near decade-old JDRF trial that used older and less-accurate CGM sensors adjunctively to SMBG, there was a clinically and statistically significant decline in both HbA1c and hypoglycemia. 4 In the predefined subgroup of patients with an initial HbA1c of <7.0%, there was a smaller HbA1c benefit, but significantly less hypoglycemia. 5 Based on improvement in sensor accuracy, regulatory bodies have removed the adjunctive requirement and allow independent utilization of two CGMs for insulin dosing-the Abbott Freestyle Libre in 2014 in the EU (CE-marked) and the Dexcom G5 in 2016 in the United States. 6 Furthermore, automated sensor-driven changes in insulin delivery have now been approved by FDA in the United States (Medtronic 530G threshold glucose suspend 7 and 670G hybrid closed loop 8 devices) as well as outside of the United States (Medtronic 640G suspend before low glucose device).
Accuracy
The discussion of CGM accuracy is complicated by the abundance of metrics that have been used to characterize it. Initial efforts to describe accuracy sought to adapt the clinical error grid long applied to SMBG 9 to CGM. This approach originally developed by Clarke to assess the clinical impact of SMBG errors was adjusted to assess CGMs by adding rate of change (ROC) accuracy data to point accuracy and renamed continuous glucose-error grid analysis (CG-EGA). 10 CG-EGA has been used to show differences between sensors. 11 However, CG-EGA is less frequently used today, as it is more complex both to calculate and to understand. Instead, various measures of point accuracy are typically reported, including the original clinical error grid.
CGMs require and benefit from both point and ROC accuracy. However, the benefits of ROC accuracy have not been optimally exploited by CGMs currently available or by AMCR Institute, Escondido, California. ROC arrows may not be well understood by all users. This was demonstrated in a questionnaire by Pettus and Edelman of 166 insulin pump and CGM users who were asked how they would adjust their correction insulin dose if their CGM showed two up arrows. Respondents increased their insulin doses on average by an additional 138% of the dose recommended by their bolus calculator, but responses varied from no additional insulin to a fourfold increase in the dose. 12 MARD (mean absolute relative difference) has emerged as the preferred metric to assess sensor accuracy. Although it is easy to calculate 13 and is expressed as a single number, MARD is impacted by study design. Therefore, comparing MARDs of sensors from different studies may be misleading. Median absolute relative difference (unfortunately sharing the same abbreviation of MARD) is less-commonly presented and is numerically lower, as it excludes outlier values. Another manner of expressing accuracy is to state the proportion of values that lie within -20 mg/dL (for reference values £80 mg/dL) or within 20% (for reference values >80 mg/dL).
14 PARD (paired or precision absolute relative difference) compares readings generated by identical CGMs worn simultaneously by subjects and is a useful tool to characterize system performance that supplements MARD. 15 Although most sensor studies have used a laboratory instrument (e.g., YSI-2300; Yellow Springs International Life Sciences) as the comparator, other studies have used or supplemented this with capillary glucose values. [16] [17] [18] Advantages of capillary data include the ability to obtain a greater number of data points, patients living in ''real-world'' conditions, and that capillary values are those that people with diabetes currently use most frequently to make therapy decisions. SMBG is also the procedure that people with diabetes would most like to replace. The obvious disadvantage of using SMBG is its lower accuracy versus laboratory comparators.
Abbott conducted an accuracy study 17 in patients with types 1 and 2 diabetes treated with injections or insulin pump therapy with a primary endpoint of point accuracy of the CGM as compared with the built-in SMBG meter of the device. With approximately eight data points per day per subject were available for this analysis, 86.7% of sensor results fell within Consensus Error Grid Zone A, and accuracy was maintained for the entire 14-day life of the sensor. Overall MARD was 11.4%. During in-clinic sessions, additional data were generated with more frequent reference (YSI) glucose values. The overall MARD in the clinic alone for sensor results with capillary BG reference and with YSI reference was 12.1% and 12%, respectively. The mean lag time between sensor and YSI reference values was calculated to be 4.5-4.8 min.
There is a widely held belief that an MARD value of 10% represents the safety threshold for the nonadjunctive use of CGM. 19 However, this speculation stems from a perceived flattening of the curve in an in silico simulation of hypoglycemia risk at an MARD of 10%. An alternative explanation for the putative change in curve inflection might be diminishing returns from MARD values lower than 10% rather than an objectively characterized threshold for acceptable hypoglycemia risk.
Contributors to Accuracy
MARD has been shown to vary depending on glucose concentrations. 20 For this reason, Rodbard proposed graphing MARD as a continuous function of glucose concentration. ROC has also been shown to impact MARD. 21, 22 Additional factors that impact the calculation of MARD include the absolute number of data points, their distribution, and missing data points. 13 Calibration, for most devices, is required both initially and at subsequent intervals to compensate for sensor ''drift.'' Errors in calibration, because of either glucose meter inaccuracy or poor patient technique (i.e., failing to clean finger), directly impacts sensor accuracy. CGMs that do not require calibration potentially avoid these errors. Calibration protocols have been shown to influence MARD. 23 Calibration with a more accurate reference has been shown to reduce MARD. 22 Software is used to calculate glucose values from measured sensor currents. Although intended to improve the quality of the data, early software sometimes led to artifacts and less accuracy. 24 However, improvements in software alone have also demonstrated significant improvement in MARD. 25 Variability among manufacturer lots and between day of wear (i.e., first day performance is typically worse than subsequent days) 26 are other confounders when attempting to characterize sensor accuracy. Despite these pitfalls, it is generally appreciated that MARD-characterized accuracy in CGMs has steadily improved over the years.
Comparative Accuracy
Although today's CGMs are clearly more accurate than earlier CGMs, 25 reliably assessing the comparative accuracy among today's CGMs presents a challenge. Few head-tohead studies exist in the literature 11, 27 because of limited resources, including sparse on-body space to place comparator sensors.
The comparative assessment of CGM sensor accuracy has also proved complex because of the differing need for calibration (i.e., 0-3 times/day), the choice and reproducibility of accuracy metrics, the choice of reference (e.g., SMBG vs. laboratory instrument), and the choice of evaluation protocol. What was true in 2007 remains true today 28 -despite CLSI guidelines, 29 there is no universally accepted protocol to compare performance among sensors without simultaneous wear head-to-head trials.
Clinical Effects of Accuracy
Observational data collected in 2014-2015 from the T1D Exchange clinic registry support the benefits of newer devices. In a recent analysis, HbA 1c levels were significantly lower in patients using CGM than those not using CGM, regardless of whether patients administered insulin through a pump (HbA 1c 7.7% vs. 8.2%; P < 0.001) or through an MDI (7.8% vs. 8.6%, P < 0.001). 30 Traditional point-in-time measures of accuracy developed for SMBG, such as MARD, do not account for the ROC advantages inherent in CGM systems. 31 Understanding the clinical implications of sensor accuracy measurements would be difficult with traditional clinical trial designs. For example, randomizing some subjects to use a less accurate sensor to S-52 BAILEY detect differences in severe hypoglycemia would be considered unacceptable by most ethics boards. Therefore, in silico simulations have been utilized. In silico simulations can randomize thousands of virtual patients to sensors of varying accuracy to explore the impact of device characteristics on insulin dosing and glycemia. 25 The recent approval of Dexcom's G5 CGM for nonadjuctive use was largely based on both its lower MARD and two in silico simulations. 6 The first 2-week simulation study utilized a validated physiological model to compare CGM-based and SMBGbased testing time in a range <50 mg/dL and >250 mg/dL. CGM was equivalent to or better than SMBG. CGM also reduced number and duration of hypoglycemic events, particularly in the setting of hypoglycemia unawareness. The second simulation study looked at meal dosing and hypoglycemia. Although setting an excessively low alert threshold, making inappropriate trend adjustments, and calibrating the device less than once a day worsened outcomes, CGM was still associated with lower hypoglycemic risk than SMBG.
Recent Clinical Trials
The adjunctive use of CGM with type 1 diabetes is now well accepted, particularly in patients using insulin pumps. Two recent trials in patients not optimally controlled have supported its use in type 1 diabetes with multiple insulin injections. The Diamond trial 32 demonstrated a significantly greater (0.6%) decrease in HbA1c and time in hypoglycemia (43 vs. 80 min/day) with the use of CGM plus individualized insulin dosing recommendations. The 1-year duration GOLD trial 33 used a crossover design and demonstrated slightly lower (0.43%) HbA1c levels with CGM and significant education. This effect disappeared in subjects using CGM <70% of the time. In both studies, SMBG testing frequency was decreased but not eliminated with use of CGM (3.6 times/day vs. 4.6 times/day and 2.75 times/day vs. 3.66 times/day).
In practice, many patients already use their CGM data without confirmatory SMBG values for insulin dosing. Two recent clinical trials have been designed to study this nonadjunctive use. One trial (REPLACE) randomized subjects with type 2 diabetes with A1c values 7.5% to 12% on intensive insulin therapy 2:1 to either CGM (Abbott Libre) or SMBG for 6 months. 34 Patients with a history of severe hypoglycemia were excluded and no training to interpret CGM data was provided. Subjects in the SMBG group wore a blinded sensor for the last 2 weeks of the study. In the CGM group, SMBG was nearly eliminated (average of 0.3 checks/day) and Diabetes Treatment Satisfaction Questionnaire (DTSQ) scores improved significantly. HbA1c values were unchanged overall. Hypoglycemia (defined as sensor glucoses <70, <55, and <45 mg/dL) was reduced by 43%, 53%, and 64%, respectively. This might appear counterintuitive as the device has no alarms and subjects were not aware.
Another 6-month trial (IMPACT) was performed in wellcontrolled (HbA1c <7.5%) type 1 patients. 35 Subjects with hypoglycemia unawareness and CGM experience within 4 months were excluded. Subjects were randomized 1:1 to SMBG or CGM (Freestyle Libre). In this trial, SMBG testing in the CGM group declined to 0.5 tests/day, subjects scanned the CGM an average of 15.1 times/day, and HbA1c was unchanged. However, hypoglycemia (<70 mg/dL) in the CGM group declined by 38% from 3.38 to 2.03 hours/day. These trials provide important reassurance as to the safety and efficacy of the nonadjunctive use of CGM. They also show a significant hypoglycemia benefit even without alarms. This is not to say that alarms are not valuable, but that their benefit is likely supplementary to that given by CGM data alone. The value of alarms to people with hypoglycemia unawareness has not been well characterized; in fact, such patients are often excluded from clinical trials. Until more data are available, it might be prudent to prescribe CGM with alarms enabled (and insulin pumps with automated insulin suspension) to people with hypoglycemia unawareness.
In summary, the clinical accuracy of CGM has reached a point where replacement of SMBG is feasible. Progress is being made to support less frequent calibration 36 and two devices have secured regulatory approval for nonadjunctive use. However, to completely eliminate SMBG, factory calibration will need to be achieved. Accuracy, combined with innovations in user interface, is enabling a better dashboard for people with diabetes.
